called micro-carcinomas with a very low growth rate. The use of the term 'cancer' to describe micro-papillary thyroid cancers in older patients encourages overtreatment and alarms patients. Invasive papillary thyroid tumours show a spectrum of malignancy, which at its lowest poses no threat to life. The treatment protocols and nomenclature for small papillary carcinomas need to be reconsidered in the light of the new evidence available, the continuing discovery of smaller lesions, and the model of thyroid carcinogenesis proposed.
Introduction
Malignant tumours are considered to arise from the sequential accumulation within one cell of mutations in genes controlling growth and invasion. As most mutations occur during cell division, a link between the growth of a tissue and the pattern of occurrence of cancers would be expected. The thyroid is particularly unusual both in its growth pattern and in the behaviour of its cancers. To explore the relationship between thyroid growth and thyroid cancer, evidence from several areas needs to be considered: the age-specific incidence of thyroid malignancy, the age-related sensitivity to radiation-induced thyroid cancer, the molecular findings in malignancy, the cell of origin of thyroid carcinomas, and the growth pattern of the gland. Together these suggest that the initial mutations in the cascade that results in the development of papillary thyroid cancer commonly occur in infancy or early childhood and that those cancers that have not achieved full immortality before adulthood continue with a slow growth rate and a very low chance of progression. This conclusion has implications for the treatment of thyroid cancer in adults.
Incidence of Thyroid Cancer
The pattern of the age-specific incidence of thyroid cancer differs from most other cancers. Many types of carcinoma are rare in childhood and early adult life, and increase exponentially in frequency in older people. A few, usually cancers of immature cells such as retinoblastomas, are virtually confined to the first few years of life. Thyroid cancer shows neither of these patterns: incidence increases during adolescence and early adult life. In the USA the rise continues to about age 45 with little subsequent change until it declines in those over 75. The incidence at age 30-39 is about the same as the incidence in those over 80. The great majority of thyroid carcinomas are papillary in type. This analysis is primarily concerned with papillary carcinoma, although the main conclusions on age of origin will apply also to follicular carcinoma, the other differentiated cancer derived from the follicular cell. Medullary carcinoma, derived from C cells, is not considered.
The incidence of thyroid carcinoma has risen steadily for many years; in the USA there has been an approximately threefold rise over the last four decades, almost entirely due to papillary carcinoma [1] . Similar increases have been recorded in other developed countries, including Japan ( fig. 1 ). The increase has been attributed largely to the increasing use of ultrasound scans and other imaging techniques, although environmental factors may also be important [2] . It was found many years ago that small papillary carcinomas were a common finding at autopsy, reaching a frequency of 36% in one study [3] , suggesting that there is a large reservoir of small papillary carcinomas that do not present clinically during life, but can be uncovered by ultrasound or other screening techniques.
Statistics on the age and sex incidence of the different major types of cancer are based on the age at which the tumour is detected; the age at which individual cancers start and the time between their origin and clinical presentation is not known. This information is relevant to the investigation of possible causative factors and to the understanding of the mechanisms of carcinogenesis. Attempts have been made for some tumours to develop models to estimate cancer latency [4] , but the exposure of a large population to significant amounts of a carcinogen such as radiation allows cancer latency and factors influencing sensitivity to carcinogenesis to be observed more directly. The large increase in incidence of thyroid cancer over the last few decades is illustrated by cancer registry data from Japan and the USA. The reasons for the differing patterns of age-related incidence are not known but might be related to stable dietary iodide differences. a Japan from 1975 to 2010 (data from the National Cancer Center Japan [14] ). b USA (SEER) from 1991 to 2009.
There have been many studies of thyroid cancer incidence after radiation exposure starting from the 1950s, mostly on a small scale until the long-term effects of radiation from the atomic bombs in Japan were investigated. About 100,000 of those who survived the exposure to whole body radiation have been studied for many years. The nuclear power plant accident at Chernobyl led to the exposure of many millions of the general public to radioisotopes in fallout, and to the exposure of hundreds of thousands of emergency workers, many of whom received significant doses of whole body radiation. After Chernobyl exposure to internal radiation from iodine 131, a major component of fallout, gave a radiation dose to the thyroid that was hundreds of times greater than the dose to other organs. In contrast, exposure to external radiation from atomic bombs gave similar doses to all tissues, with severe illness or death above a dose of a few Gy. After Chernobyl, thyroid doses of tens of Gy have been reported in those exposed to fallout.
The striking initial observation in those exposed to high levels of fallout from Chernobyl was the dramatic increase in the incidence of thyroid cancer in young children, starting only 4 years after the accident [5, 6] . As the increase continued, the peak age at which the tumours presented rose; analysis of the age at exposure of the cases showed a major change in sensitivity to carcinogenesis, with the youngest at exposure carrying the highest risk [7, 8] . This pattern of age at exposure-related sensitivity is still present 20 years after the accident. There is no confirmed evidence of any increase in those who were adults at exposure, although a small increase cannot be excluded. One of the reasons that the early reports of a thyroid carcinoma increase after Chernobyl were doubted was that radioiodines were at that time thought to have low or absent carcinogenic activity in man. The evidence for that view was based on studies of the use of iodine 131 in thyrotoxicosis [9] ; those studied were almost entirely adults. In retrospect, these findings should not have been applied to children, but the lack of effect in adults is consistent with the very low or absent thyroid cancer risk for those exposed as adults to Chernobyl fallout. Some of the age-related sensitivity after Chernobyl may be related to differences in thyroid dose: children have a higher uptake of iodine and also drink relatively more milk than adults. Additionally, individual thyroid doses are difficult to ascertain accurately in children, particularly in a country with variable iodine deficiency. However, similar age-at-exposure sensitivity changes have been observed after external radiation, where radiation dose is more easily determined. One pooled study found that those exposed at ages 0-5 had a fivefold greater risk/Gy of developing thyroid cancer than those exposed at ages 10-15, while adults had a very low or undetectable risk [10] . Studies of those exposed to atomic bomb radiation found a 70% drop in excess absolute risk per decade increase in age at exposure [11] .
The findings that for both external and internal radiation the youngest at exposure are at the highest risk of thyroid cancer while adults have little or no risk needs explanation; it also raises the question whether sporadic thyroid cancers also start in infancy or childhood.
Evidence from Fukushima
The importance of imaging techniques in determining the recorded incidence of thyroid cancer and the problems posed by the increasing frequency of detection of small thyroid carcinomas are brought into sharp focus by the results of screening the population exposed to fallout from the 2011 Fukushima nuclear power plant accident. Because of the increased incidence of thyroid cancer in those exposed as children to Chernobyl fallout, a Fukushima Prefecture thyroid ultrasound programme was set up to screen everyone under the age of 19 at the time of the accident [12] . After 3 years a lot more thyroid cancers than expected were found. Among about 300,000 individuals, 110 cases of suspected cancer were identified by fine needle aspiration, and 86 of the 87 suspected cases so far operated have been confirmed as thyroid cancer [13] . Sixty-two of the cases with proven cancer occurred in about 51,000 adolescents aged 15-19, a prevalence of about 120/100,000; the expected Japanese incidence at this age is 0.8/100,000 [14] .
The scale of the apparent increase has led to considerable concern in the exposed population [15] . Nodules of less than 5 mm were not subject to further investigation, so the true thyroid cancer prevalence can be assumed to be much greater. However, the evidence from age at exposure and latency suggests that the large number of thyroid cancers so far detected is not due to radiation from the accident. After Chernobyl the risk was greatest in those who were infants at the time of the accident, falling rapidly with increasing age [8] . None of the Fukushima cases so far were infants at the time of the accident, the youngest was aged 6, and the majority were adolescents [13] ( fig. 2 ) .
The screening programme after Fukushima divided the prefecture into three areas, screened in successive years. The first year's screening found a similar incidence and tumour size as other areas in subsequent years. Even with ultrasound it would seem biologically almost impossible for cells with the initial radiation-induced mutation to acquire the additional changes needed to give a cancer and to reach a detectable size within 1 year after the accident. The amount of radioiodine released from Fukushima is reported to be approximately one seventh of that released from Chernobyl [16] . That UNSCEAR report has been criticised for using the lower of the estimates available [17] , but the higher estimate is still less than a third of that from Chernobyl, and most of the activity released from the Fukushima accident was blown out to sea. Few early direct thyroid measurements were made in the immediate aftermath of the tsunami; using reconstructed doses the maximum absorbed dose to a child's thyroid from Fukushima fallout has been estimated as 66 mGy compared to 5,000 mGy after Chernobyl [16] . A low level of dietary stable iodine increases the risk of radiation-induced thyroid cancer [18] ; dietary iodide was low in the areas around Chernobyl, but is high in Japan. Each of these separate pieces of evidence suggests that the high prevalence of thyroid carcinoma found in the first 3 years was not related to the accident.
In the absence of any other known cause of a massive apparent increase in thyroid cancer incidence, the current findings must represent the normal situation, uncovered by highly sensitive ultrasound. Some of the tumours found might, in the absence of screening, have presented clinically within a few years, others with a slower initial growth rate might have presented in older individuals, and some might have regressed or never have presented clinically. The extent to which resection of screen-detected tumours reduces the later incidence of clinically significant cancers should become apparent on the planned follow-up, as will the age-related progression of detectable nodules less than 5 mm in diameter. Although there is no evidence of a radiation-related increase in thyroid cancer in the first 3 years after the accident, it is likely that one will occur. The level of exposure combined with the high dietary stable iodine suggests that it will be on a much smaller scale and with a longer latent period than after Chernobyl. One forecast suggests it could be 6% of the normal incidence [19] .
The early age at which the incidence of sporadic thyroid carcinoma rises and the generally slow tumour growth shows that for many clinically significant sporadic thyroid cancers, the first mutations leading to malignancy occur in infancy or childhood. Chernobyl and other radiation studies show that the chance of a first mutation progressing to a clinically significant cancer is greatest if it occurs in the earliest years of life. The evidence from Fukushima shows that many more thyroid carcinomas than were previously realised must originate in early life. Autopsy studies found little or no change in frequency of micro-papillary thyroid cancers between young and older adults [20, 21] . It is therefore suggested that both sporadic and radiation-induced cancer share the same age-related pattern of acquisition of potentially carcinogenic mutations, with for most cancers the first mutation in the carcinogenic cascade occurring in the first few years of life.
Molecular Findings in Sporadic and Radiation-Induced Thyroid Cancer
The great majority of sporadic papillary thyroid carcinomas have been shown to have mutations in one of two major oncogenes, RET or BRAF [22] . The range of driver mutations has been expanded in a recent comprehensive study of the genomic landscape in several hundred papillary carcinomas [23] . The RET gene in follicular cells is activated by rearrangement, the BRAF gene almost al- 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 Age at exposure (years) Chernobyl Fukushima Fig. 2 . Thyroid cancer frequency (percentage distribution) by age at exposure to fallout from Chernobyl and in the first 3 years after Fukushima. The Chernobyl distribution shows the high risk related to a young age at exposure to radiation with a steep fall with increasing age. The Fukushima distribution lacks any increased risk in the youngest, and the increasing incidence with age is similar to the normal increase, suggesting there has been no radiationrelated increase in the first 3 years after the accident. The slight rise in those aged over 10 after Chernobyl probably also represents the normal incidence. [24, 25] . Interestingly, a rare finding in short latency papillary carcinomas in children exposed to Chernobyl fallout is activation of BRAF by rearrangement [26] . The fact that radiation is particularly effective in causing double-strand breaks in DNA and that double-strand breaks are necessary precursors of rearrangements provides an explanation for the importance of this type of mutation in radiation carcinogenesis [8] . It also suggests that the rearrangement is the initial step in the carcinogenic cascade leading to papillary carcinoma. Expression of an introduced rearranged RET gene in animal thyroids led to the development of papillary carcinomas [27] , but only in some of the cells possessing the gene, supporting the view that rearranged RET alone is not carcinogenic and that additional events are needed. These additional events are assumed to be mutations, recognising that other changes heritable at the cellular level, for example epimutations or somatic copy number alterations, are likely to be relevant.
Many different rearrangements of the RET gene have been associated with papillary carcinomas; in each, one of the breakpoints leads to a growth stimulus through activation of the RET tyrosine kinase. In at least some rearrangements there is evidence that the other breakpoint may cause loss of function of genes associated with tumour suppression or DNA repair, and it has been suggested that this may be a common feature of oncogenic rearrangements [28] . Carcinogenesis is thought to be caused by the sequential acquisition of mutations; where a single event such as a rearrangement involves two of the limited number of steps in the carcinogenic cascade, the latent period would be expected to be shortened. This could contribute to the earlier age of onset associated with RET-positive compared to BRAF point mutation-positive sporadic papillary carcinomas.
The post-Chernobyl papillary carcinomas with a BRAF rearrangement were associated with a very short latency, again compatible with a carcinogenic contribution from the other breakpoint -in this case involving AKAP9. This gene has been linked to many functions; it is mutated in some oral squamous carcinomas and is also overexpressed in metastatic melanoma [29, 30] . The nature of the subsequent events needed for a cell bearing an RET rearrangement or a BRAF point mutation to give rise to a papillary carcinoma is not known, although a variety of mutations have been described. The risk of developing papillary carcinoma must depend not only on the risk of a cell acquiring a RET or other relevant initial mutation, but also on the risk of that cell acquiring the further changes needed for carcinogenesis.
Cell of Origin of Thyroid Cancer
It is important to determine whether normal extrauterine thyroid growth derives from stem cells or differentiated cells, and whether thyroid neoplasms originate in stem or differentiated cells. Several groups have identified cells derived from follicular epithelium showing some of the properties of stem cells, and leading to the assumption that stem cells are present in adult thyroid and are the cell of origin of thyroid cancers. These studies cannot be regarded as definitive as they have depended on in vitro manipulation of follicular cells, and lineage studies are essential for identification of active stem cells [31] . In addition, it has been shown that differentiated follicular cells can be manipulated to give rise to multilineage progenitor cells [32] . No lineage studies showing that extra-uterine follicular cell growth originates in thyroid stem cells have been published, and follicles lack the clonal structure that would be expected if they were maintained by stem cells [33] . Tissues maintained by stem cells such as skin or intestines show morphological changes of differentiation with proliferative zones, as do their welldifferentiated tumours. Normal follicular cells show uniform high levels of differentiation and lack proliferative zones; most thyroid cancers also show uniform high levels of differentiation and lack proliferative zones. Undifferentiated carcinomas do not arise directly from the normal gland but from pre-existing differentiated cancers. It is therefore concluded that thyroid growth in extra-uterine life is not maintained by stem cells and that thyroid tumours originate in differentiated follicular cells.
Thyroid Growth and the Origins of Thyroid Cancer
The thyroid weighs approximately 1 g at birth rising to 16-20 g by early adult life, with considerable variation depending on dietary iodine levels. The weight normally changes little during adult life. In keeping with this, the follicular cell mitotic activity in extra-uterine life is highest at birth, reducing as the gland grows to reach very low levels in adults [34] . Expansile growth ceases in late ado- lescence, the low mitotic activity in adults represents replacement growth. It has previously been suggested that the relationship between age at exposure to radiation and risk of developing thyroid cancer could be related to the growth pattern of the follicular epithelium, either to the mitotic frequency or to the number of mitoses remaining in the progeny of the initially mutated cell [34, 35] . Both drop with increasing age, reflecting the growth pattern of the thyroid. While most mutations occur at cell division, this is not the case for rearrangements as these occur during interphase and are influenced by the proximity of the genes involved [36] . On this basis, the RET rearrangement would be expected to occur at any age and the agedependent sensitivity would be related to the chance of occurrence of subsequent mutations in the clone of cells derived from the initiated cell. The majority of these are probably point mutations leading to changes such as loss of function in tumour suppressor or DNA repair genes, and are likely to be associated with cell division.
Thyroid growth from birth to maturity involves at least a 16-fold increase in weight and a similar increase in cell number as there is little change in cell density. As a minimum of 4 rounds of cell division will be involved, the daughter cells derived from a cell in an infant that acquired a potentially carcinogenic mutation such as a RET rearrangement would pass through at least 15 cell divisions and the mutation would be present in 16 cells by adulthood. A RET mutation occurring in a follicular cell in a child aged about 10 might pass through only one cell division and be present in only 2 cells in adult life. This could provide a simple explanation for the age-related sensitivity; the chance of acquiring the first mutation is related to the radiation dose, and the chance of acquiring the subsequent mutations is related to the number of cell divisions in the subsequent clone.
The situation is of course much more complex. A RET rearrangement or other initial mutation might increase the growth rate of the affected clone of cells, loss of function in genes at the upstream breakpoint might lessen DNA repair efficiency and therefore increase the chance of subsequent point mutations. The growth potential of normal follicular cells is limited [37] , and the clonal size generated by a mutated cell with increased growth but not immortality would also be limited. The younger the age at which the first mutation occurs, the greater the number of subsequent cell divisions in the progeny of the affected cell; however, the older the age, the greater the number of cells at risk, but the fewer the number of divisions available for further mutations. Further evidence showing the critical importance of post-mutagen exposure growth comes from experimental studies showing that complete suppression of thyroid growth immediately after radiation exposure abolishes carcinogenesis [38] . While there are many unknown variables, it can be seen that the growth pattern of the thyroid can provide an explanation for the finding that oncogene mutations occurring in the early years of life are much more likely to progress to malignancy than similar mutations occurring in older individuals.
A Model of Thyroid Carcinogenesis
It is suggested that cancer of the thyroid differs from most other cancers because it is derived from a differentiated cell with a limited growth capacity rather than a presumed immortal stem cell. The evidence discussed above supports a model of thyroid carcinogenesis in which the great majority of papillary cancers develop before adult life and show a very variable latency resulting in clinical presentation throughout life. The development of malignancy can be divided into three stages ( table 1 ). In this model the initial mutation, necessary but not sufficient for malignancy, may or may not be related to cell division, but is only likely to progress to malignancy if it occurs in childhood. Progression to low-grade malignancy, stage 2, is dependent on mutations taking place during thyroid growth, almost all of which occurs in childhood and adolescence. Escape from the growth limitation found in normal follicular cells, stage 3, allows a greater growth rate and an increased chance of further mutation. If this does not take place before adult life, the tumour is likely to remain as a small slowly growing stage 2 cancer with limited growth capacity, currently referred to as a papillary micro-carcinoma. The extremely rare development of an anaplastic carcinoma from a pre-existing more differentiated carcinoma could be regarded as a fourth stage, in which the additional mutations needed cause the tumour cell to lose all thyroid differentiation and growth limitation. Only a minority of cells that possess the initial mutation are likely to acquire the additional mutations needed for malignancy. Only a minority of the resulting well-differentiated stage 2 papillary carcinomas are likely to acquire the further mutations needed to give rise to more aggressive tumours. Unless further mutations occur or they reach their growth limit, the great majority of stage 2 cancers would not be expected to significantly increase their low growth rate throughout life. Some might reduce or even stop growth in the way that normal cells reduce their growth rate before adulthood, so that the tumour and possibly its metastases reach replicative senescence, with no further progression. The more slowly growing tumours will take longer to reach a detectable size than the more rapidly growing lesions. Small papillary carcinomas are extremely common; larger differentiated cancers and poorly differentiated and undifferentiated carcinomas are rare.
The chance of progression will be influenced by various factors, including tumour cell number and growth rate. A solid tumour with a 2-cm diameter is predicted to have 64 times the number of cells compared to a tumour with a 0.5-cm diameter, as a larger tumour is likely to have a greater growth rate and its chance of acquiring an additional mutation and progressing to a clinically significant lesion would be even greater. It is suggested that the biological basis for the separation of so-called 'micropapillary carcinomas' is that they lack the final mutation breaking the tight link between differentiation and growth limitation seen in the normal follicular cell in adults. The proposal that stage 2 and 3 cancers are not simply part of a continuous gradient of malignancy is supported by their differing risk of progression with increasing age, rising with macro-papillary carcinomas but diminishing with micro-carcinomas [39] .
Clinical Relevance
This model provides the framework to explain some of the clinical observations on papillary carcinoma and provides support for proposals to reconsider standard treatment protocols. The proposal that nearly all papillary carcinomas start in childhood and those that have not acquired complete growth independence maintain their growth rate after adolescence implies that most micropapillary cancers in older people must have a long latent period, a very low net growth rate, and an extremely low risk of progression to a more aggressive form. The huge increase in the incidence of papillary carcinoma in the USA over the last 3 decades has not been accompanied by any change in the death rate. The questionable benefits from lobectomy, thyroidectomy, or radioiodine therapy for small papillary carcinomas in adults have to be balanced against the known risk of complications.
Age as well as tumour size is an important variable when considering the risk to the patient from a well-differentiated papillary carcinoma. A papillary carcinoma of 1 cm in diameter in an adolescent will carry a very different risk for the patient than one of similar size in a patient of 70 . The latent period is shorter, the growth rate is likely to be higher, and the chance of progression greater. After Chernobyl some of the primary papillary carcinomas in children associated with widespread metastases were less than 1 cm in diameter. In studies of micro-papillary carcinomas, the rate of increase in size and the frequency of metastasis is greater in younger than in older subjects [39] . This large study of papillary micro-carcinomas also suggested that older patients with micro-carcinoma may be candidates for observation only, and pointed out that if the tumour is later found to be expanding, treatment is still available. The patients in this study can be assumed to have the same frequency of central lymph node metastasis (up to 65%) as in studies where lymph node resection was carried out. In one such study, 551 patients had central lymph node resection for micro-papillary thyroid cancer and 13 suffered permanent hypocalcaemia or permanent vocal cord palsy [40] . Microscopic metastases do not necessarily indicate an aggressive tumour or justify aggressive therapy. Current guidelines should reconsider their advice on the treatment of thyroid carcinoma in view of the likely continuing increase in incidentally discovered tumours and the findings from Chernobyl and Fukushima. There is a strong case for a reduction in the use of surgery for the treatment of incidentally discovered small papillary carcinomas, taking tumour size and patients age into account. If the eversmaller tumours being discovered are treated by surgery in older patients, the risks of morbidity are likely to outweigh the risks of morbidity from an unoperated tumour. All involved in treating thyroid cancer should be concerned that a tumour with the lowest risk of death of any major cancer is associated in the USA with a higher risk of bankruptcy than with major life-threatening cancers [41] . There is another reason for resection of small papillary carcinomas; once a patient has been told that their thyroid nodule was a cancer, they may remain fearful until it is removed and may not fully accept reassurances that they need not be concerned. The reason for the patient's concern is the association of the word cancer with prolonged suffering and death. If an invasive and potentially metastatic tumour kills 1 in 2 patients, there is no doubt that it should be called a cancer -both for theoretical reasons and for communication with the patient. Suppose the tumour causes a death rate in untreated patients of 1 in 100, 1 in 1,000, or 1 in 10,000 -is the term 'cancer' still clinically appropriate whatever the risk? One way of reducing the concern that follows from using the word 'cancer' in a clinical setting for a tumour that is technically malignant but clinically benign is to accept the patient's usage, restrict the use of the term 'cancer' to lesions with a significant chance of causing suffering and death, and change the name used for small papillary carcinomas with a prognosis indistinguishable from normal life expectancy. We suggested in 2003 that with certain exceptions the term 'papillary micro-tumour' should be used for lesions in adults currently referred to as micro-papillary carcinomas [42] . Other names have been suggested. There is a precedent; in 1907 Oberndorfer [43] described a small primary tumour of the intestines with a distinctive histology. It was invasive but in contrast to other invasive intestinal tumours was generally associated with a relatively good prognosis. Because of this contrast he called the tumour a 'carcinoid' rather than a 'cancer'. An imaginative use of nomenclature is a possible way of dealing with the problem posed by the inappropriate use of the word 'carcinoma'; the term 'papillary micro-tumour' has proven acceptable in practice [44] . Other names are possible, but wide consultation, including with patient groups, and international agreement is needed.
Conclusions
This review and analysis of the relationship between thyroid growth and thyroid cancer is based on multiple strands of evidence. The main conclusions are (1) that thyroid tumours originate not in stem cells but in the differentiated follicular cell; (2) that the initial mutation leading to thyroid carcinogenesis in the great majority of cases occurs in infancy and childhood; (3) that the chance of the remaining mutations occurring is related to thyroid growth, so the earlier the first mutation occurs the greater the likelihood of malignancy; (4) that if a tumour has acquired the mutations for malignancy but not complete loss of the tight linkage between differentiation and growth seen in the normal follicular cell by adult life, tumour growth rate will remain low and the chance of progression will be very small; (5) that treatment protocols for the management of papillary micro-carcinomas need to be reviewed, and (6) that micro-papillary carcinomas should be given a name better reflecting their indolent behaviour.
This analysis suggests that there is a biological distinction between so-called micro-and macro-papillary carcinomas; a separation based purely on size is not tenable. The choice of size as a criterion reflects the divergence in later life of those tumours with and those without escape from growth limitation. It is not applicable to small cancers in children, and its importance in young adults is not clear. This is relevant to the treatment of screen-detected micro-carcinomas in young people, as after Fukushima. It has been suggested that resection is overtreatment since these are micro-carcinomas [15] , but the evidence based largely on studies in older patients should not be applied to adolescents and very young adults. Follow-up studies of the cohort in Fukushima should provide very valuable evidence on the incidence of very small lesions, and the effect of resection of early micro-lesions on the later frequency of larger tumours. Studies to provide direct evi-dence for consistent differences between stage 2 and stage 3 cancers could assist diagnosis and management and elucidate the mechanisms involved. These should include whole genome sequence and expression studies of large and small cancers in older patients, quantitative analysis of the proportion of cells in cycle, and the rate of cell loss. It will be important to determine whether morphological or molecular features that are linked to a more aggressive behaviour in large tumours do or do not carry the same significance in small tumours in older patients. The high proportion of BRAF V600E mutations in micro-papillary thyroid cancers suggests that driver mutations alone are not a reliable guide to clinical behaviour [45] .
The aim of treatment is always to ensure that the benefit is greater than the chance of detriment. For most cancers this normally involves attempting to remove or kill every cancer cell. This does not necessarily apply to a stage 2 papillary cancer in older patients where cancer cells are so few and so slowly growing that treatment may be detrimental. Ideally treatment decisions should be based on clinical trials, but these are difficult in such a slowly growing tumour and with the changing pattern of disease due to the increasing use of imaging techniques. The treatment protocols for small papillary carcinomas and their nomenclature need to be reconsidered in the light of the new evidence available, the continuing discovery of smaller lesions, and the model of thyroid carcinogenesis proposed.
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